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Low testosterone in ApoE/LDL 
receptor double-knockout mice is 
associated with rarefied testicular 
capillaries together with fewer and 
smaller Leydig cells
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The testis as a site for atherosclerotic changes has so far attracted little attention. We used the 
apolipoprotein E (ApoE)/low density lipoprotein (LDL) receptor deficient mouse model (KO) for 
atherosclerosis (20, 40, 60 and 87-week-old) to investigate whether Leydig cells or the capillary 
network are responsible for reduced serum testosterone levels previously observed in extreme ages 
of this model. In KO mice, overall testosterone levels were reduced whereas the adrenal gland-specific 
corticosterone was increased excluding a general defect of steroid hormone production. In addition to 
micro-CT investigations for bigger vessels, stereology revealed a reduction of capillary length, volume 
and surface area suggesting capillary rarefaction as a factor for diminished testosterone. Stereological 
analyses of interstitial cells demonstrated significantly reduced Leydig cell numbers and size. These 
structural changes in the testis occurred on an inflammatory background revealed by qPCR. Reduced 
litter size of the KO mice suggests hypo- or infertility as a consequence of the testicular defects. Our 
data suggest reduced testosterone levels in this atherosclerosis model might be explained by both, 
rarefication of the capillary network and reduced Leydig cell number and size. Thus, this study calls for 
specific treatment of male infertility induced by microvascular damage through hypercholesterolemia 
and atherosclerosis.
Decline of androgen blood levels, dysfunctional sperm, and histologic changes, such as focal atrophy of semi-
niferous tubules and reduction of tubular diameter, are considered signs of male hypogonadism1. Focal tubular 
sclerosis was also reported in association with atherosclerotic lesions of interstitial testicular vessels2.
For a given organ, a healthy capillary vascular bed with its regular architecture is the prerequisite for adequate 
perfusion and function of this organ. The appearance of a regular testicular microvasculature was described pre-
viously for different species3–6. In man, early investigations of undescended testes linked reduced blood perfusion 
to atrophy and hypoplasia of the organ7. Reduction of blood flow due to decreased diameter of microvascular 
lumen in testes was suggested as a possible cause for degenerative changes of germ cells, oligospermia in humans8 
and age-dependent disturbances of spermatogenesis9,10. A more recent study demonstrated that testicular vascu-
lature might also be important for germ cell defects found in Klinefelter syndrome11.
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Testosterone deficiency was reported together with signs of atherosclerosis in epidemiological studies, how-
ever, there is currently no evidence for a causal relationship12–14. Vice versa, testosterone administration was 
reported to inhibit atherosclerosis15,16 implying that lower testosterone levels promote atherosclerosis and coro-
nary artery disease17.
Atherosclerotic plaques develop by retention of lipids in large- and medium-sized arteries as a consequence 
of shear stress to the vascular wall initiating platelet aggregation and blood coagulation. Plaques decrease down-
stream blood flow by reduction of the vascular lumen and thus have a negative impact on effective local blood 
circulation. Although evidence supports local immune processes induced by atherosclerotic plaques, there is con-
siderable data to suggest an additional systemic immune response characterized by proinflammatory cytokines, 
such as TNFα released by endothelial cells, macrophages, and platelets18–20.
The relationship between vasculature and morphological alterations in different organs was investigated more 
systematically in a mouse model of atherosclerosis (ApoE−/−/LDL receptor−/− mice) displaying enhanced plasma 
cholesterol levels. In this model a lipoprotein pattern resulting in hypercholesterolemia is caused by targeted 
mutations of both apolipoprotein E (ApoE) and the low-density lipoprotein (LDL) receptor21. ApoE, mainly syn-
thesized in the liver, transports lipoproteins and cholesterol into the lymphatic system and is a ligand of the LDL 
receptor family. In the ApoE−/−/LDL receptor−/− model, fatty streaks typical of advanced atherosclerotic lesions 
were observed in the proximal aorta and renal artery with increasing age22. In general, the degree of atheroscle-
rosis detectable in wild-type (WT) mice is less pronounced compared to men. However, homozygous ApoE−/−/
LDL receptor−/− mice develop atherosclerotic alterations more similar to humans23. Disturbances of vasculature 
in ApoE and ApoE/LDL receptor deficient mice, respectively, were found not only in aortic root but also in lung24, 
heart24,25, kidney22 and bladder26.
In the testis, alterations of the vascular network accessible by micro-CT were found in very old ApoE/LDL 
receptor deficient mice on Western diet, high in calories from fat, and associated to a decreased quality of sper-
matogenesis with mixed atrophy, reduced testis volume, sperm count and serum testosterone levels27. However, 
this study could neither discriminate age-dependent changes from atherosclerosis nor resolve the actual capillary 
network which is beyond the resolution of micro-CT. Testicular capillaries are essential for the blood supply of 
seminiferous tubules and therefore are an important factor for maintenance of male fertility. Leydig cell integrity 
may also be disturbed by insufficient capillary perfusion or direct effects due to the specific characteristics of the 
ApoE−/−/LDL receptor−/− mouse model. Testicular capillaries and Leydig cells have not yet been addressed in 
this model until now.
Here we investigated serum testosterone levels of 20, 40, 60 and 87-week-old ApoE−/−/LDL receptor−/− mice 
and WT controls, both on standard chow. It was tested whether potential changes of hormone values could be 
due to mutation-induced disturbances in the capillary microcirculation or Leydig cell number and size using a 
design-based stereology system in addition to micro-CT analyses of the testes.
Material and Methods
Experimental design. This animal study was conducted in accordance to the German Animal Welfare Act 
and approved by the regional council of Giessen, Germany (GI 20/25A 43/2011). Male ApoE−/−/LDL receptor−/− 
(KO) mice and male C57BL/6 J (wild-type, WT) mice (Charles River, Sulzbach, Germany) as controls were fed 
standard chow ad libitum throughout the study. They were euthanized with CO2. In both groups, KO and WT 
mice, animals of 20, 40, 60 and 87 weeks of age were used. Each age group included 10 mice except the oldest 
group (87 weeks) with three KO mice and six WT mice.
From each animal blood was collected from the vena cava caudalis for determination of steroids.
The left ventricle was penetrated by a cannula and infused with heparinized saline (10 ml of 0.9% sodium 
chloride with 1000 IU Heparin)27.
When the venous effluent was free of blood, the fixation solution (1.5% glutaraldehyde and 1.5% paraform-
aldehyde in 0.15 M HEPES) was infused and one testis was removed for histological morphometry, the ventricle 
was purged again with heparinized saline, and infused with the lead-containing radiopaque polymer (Microfil_
MV-122; Flow Tech, Carver, MA, USA) for micro-CT investigations and voxel-based morphometry as described 
previously27.
For analyses of inflammation-associated parameters by real-time PCR 37-week-old KO and WT mice (n = 10) 
on standard chow were used.
Determination of steroids (gas chromatography-mass spectrometry). The blood samples from 
mice of the different age groups were centrifuged and the separated serum was investigated by gas 
chromatography-mass spectrometry.
This method28, consisting of many sub-steps, includes over-night incubation of the probes, extraction of 
the steroids by Extrelut® columns (Merck, Darmstadt, Germany), filtration with Sephadex LH-20 columns 
(Amersham Pharmacia Biotech AB, Uppsala, Sweden) and subsequent derivatization with HFBA (heptafluoro-
butyric anhydride, Fluka, Sigma-Aldrich, Steinheim, Germany).
Voxel-based morphometry (Micro-computed tomography). The contrast agent-perfused tes-
tes of mice from the different age groups were scanned in a micro-computed tomograph (micro-CT; SkySkan 
1072_80kV, Kontich, Belgium) to investigate testis volume and vessel volume.
The x-ray system consists of a microfocus tube (20–80 kVp) with a minimum spot size of 8 Im at 8 W. While 
the sample carrier rotates at 180° at its own axis the sample is irradiated by x-rays in cone-beam geometry to 
generate projection images27.
These digital images were reconstructed in cross-section data sets by modified Feldkamp-algorithm with iso-
tropic voxel geometry, so 3D images were available for evaluation by analysis software (Analyze 9.0 Mayo Clinic, 
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Rochester, MN, USA and CTAn, SkyScan, Kontich, Belgium) to investigate testis volume and vessel volume in the 
agent-perfused testes of WT and KO mice.
Histological morphometry (stereology). Stereology was used as a method that allows the quantification 
of three-dimensional parameters of a given organ from histological sections by superimposing appropriate count-
ing test systems like point grid, line grid and counting frame, on randomly sampled organ sections18,29,30. For this, 
testes of 20, 40, 60 and 87-week-old mice were fixed by vascular perfusion with a mixture of 1.5% glutaraldehyde 
and 1.5% paraformaldehyde in 0.15 M HEPES buffer. The testis volume was estimated by fluid displacement31 and 
the testes were cut into cubic tissue pieces (approximately 1 mm³) from which a random selection was osmicated, 
stained en-bloc with uranyl acetate and finally embedded in epoxy resin (Agar 100 Resin Kit, Agar Scientific, 
Stansted Essex, UK). The samples were randomly dropped into gelatine capsules (one sample for each capsule) 
to ensure random tissue orientation32. After embedding, semi-thin sections (0.75 µm) were cut using an ultra-
microtome and stained with methylene blue. This procedure is well known to allow identification of all testicular 
cell types under physiological and pathological conditions33–35. In most cases, five sections from different tissue 
blocks per testis and mouse were investigated at the age of 20, 40, 60 and 87 weeks using design-based stereology18. 
Specifically, the length, volume and surface area of the capillaries of the testes were estimated. For this purpose, 
fields of view were sampled by systematic uniform random sampling at a magnification of 400× (Suppl. Figure 1) 
and superimposed with appropriate test systems using an Olympus microscope equipped with a digital camera and 
connected to a computer with the newCAST software (Visiopharm, Horsholm, Denmark). The volume density of 
capillaries related to the testis was estimated by counting the number of test points hitting capillaries (P(cap)) and 
the number of test points hitting testis (P(testis)). The volume density is given by VV(cap/testis) = P(cap)/P(testis). 
The surface density of the luminal capillary endothelium was estimated by counting the number of intersections 
(l(cap)) of test line segments with the luminal endothelium and relating them to the number of endpoints of the 
line segments hitting testis (P(testis)). The surface density is given by SV(cap/testis) = 2*l/(l(p)*P(testis)) where l(p) 
is the length of an individual test line associated with one endpoint. The length density was estimated by counting 
the number of capillary profiles (Q(cap)) within a counting frame of known area (A(CF)) and the number of cor-
ner points of the counting frame hitting testis P(testis). The length density is given by LV(cap/testis) = 2Q/(a/p*P(-
testis)) where a/p is the area of the counting frame associated with one corner point. The total capillary volume, 
surface area and length were calculated by multiplying the density with the testis volume36.
To investigate Leydig cell number and size, epoxy resin blocs were cut in 1 µm semi-thin sections. To exclude 
duplicate counting of Leydig cells, the first and fourth section of a consecutive row of sections were placed on a 
glass slide to generate a physical disector32 with a disector height of 3 µm (d). After staining, these paired sections 
were subjected to a systematic uniform random sampling and an unbiased counting frame with a known area 
(A(CF)) was projected on the fields of view. The number of Leydig cells was estimated by the disector principle, 
i.e. a cell was counted if the cell was visible in one section but not the other one (Q−). In addition, the number of 
corner points of the counting frame hitting the interstitium (P(interstitium)) was counted to estimate the refer-
ence volume. The number of Leydig cells in relation to the interstitium is given by Nv(LC/interstitium) = Q− /
((A(CF)/4)*P(interstitium)*d). Based on this, the number of Leydig cells in relation to the entire testis is given by 
L(LC, testis) = Nv(LC/interstitium)*Vv(interstitium/testis)*V(testis). The disector was not only used for counting 
of cell number but also for sampling of the cells for volume estimation using the rotator37, i.e. if a cell was counted 
its volume was estimated by the rotator. From the resulting individual cell volumes, the number-weighted mean 
volume was calculated as the arithmetic mean of the measured cell volumes.
Determination of litter size. The number of pups per litter and relative frequency of litter sizes were retro-
spectively evaluated in KO mice compared to WT mice. For that we analyzed data of 109 litter of KO and 43 litter 
of WT mice, every litter developed from 1:1-matings of young females and old males.
Real-time reverse transcription-polymerase chain (qRT-PCR) reaction. Total RNA from testis and 
epididymal fat was extracted using RNeasy Mini Kit according to the manufacturer’s protocol. Total RNA (1.0 μg) 
was used as template for cDNA synthesis by using MMLV RT (Invitrogen). For quantitative comparisons, cDNA 
samples were analyzed by real-time PCR using the IQ SYBR Green Supermix on the StepOne Plus real-time poly-
merase chain reaction system (Applied Biosystems). Primer sequences are given in the supplement (Suppl. Table).
Statistical analysis. The statistical analysis was performed using the statistics software R, version 3.0.238. A 
value of p < 0.05 was considered significant.
Steroids and morphometric parameters. For each parameter (steroids, testis volume, testis:body weight 
ratio, vessels volume, absolute and relative capillary length, volume and surface area and also Leydig cell number 
and size) the potential influence of age (in groups of 20, 40, 60 and 87 weeks) and mouse-strain (KO vs. WT) was 
investigated by a two-factorial ANOVA (with interaction-effect of age groups and mouse strain). When indicated 
this was complemented by multiple mean comparisons of the two mouse strains for the four age groups and 
simultaneous confidence intervals for the respective differences in mean values39,40.
The joint (multivariate) distribution of families of capillary parameters (absolute capillary length, volume and 
surface area and relative capillary length, volume and surface area) was analyzed using a MANOVA (with the 
same two factors as above and their interaction).
Three-dimensional scatter plots and parallel plots were used as exploratory tools for the presentation of the 
multivariate distribution of the mentioned parameter families. Parallel plots attempt to display relationships 
between several metric variables (measured as a multivariate observation on the same individual) by connecting 
their one-dimensional (=univariate) scatter plots. To this end, the measurement scales of the variables were 
placed parallel to each other, and the values that belong to the same multivariate observation, i.e. individual, were 
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linked by line segments across the univariate scatter plots. This allows us to identify the values that constitute a 
multivariate observation by tracing the respective connected line segments (“polylines”) through the univariate 
scatter plots41–43. Since detection of relationships between variables is of primary interest, and to simplify the 
presentation, scale divisions or units are not provided, but only their orientation (by indicating their minimum 
and maximum).
Litter size. The distribution of litter size of the two mouse strains was compared using Fisher´s exact test and 
the arithmetic means of those distributions were compared with Welch´s two-sided two-sample t-test (which 
was deemed admissible due to the fact that the large total sample size of 152 litter justifies the use of asymptotic 
properties of the test statistic).
Inflammation-associated parameters. Data are given as mean values ± SEM, with n denoting the num-
ber of independent experiments unless otherwise indicated. A Welch´s two-sided two-sample t-test was used to 
determine statistical significance for qRT-PCR results.
Material and data availability. ApoE−/−/LDL receptor−/− mice (Stock No: 012307) and C57BL/6J (Stock 
No: 000664) are now available from Jackson Laboratory (Bar Harbor, ME, USA).
The datasets analysed in this study can be made available from the corresponding author on reasonable 
request.
Results
Serum hormone levels. Reduced serum testosterone levels had been described in very old ApoE−/−/LDL 
receptor−/− mice under additional Western diet27. To investigate whether testosterone serum levels are also 
reduced independently of ageing and dietary effects we compared WT and KO mice between 20 and 87 weeks on 
standard chow.
In KO mice, the overall serum testosterone levels were reduced as opposed to WT mice (p < 0.05) (Fig. 1A). 
Additional investigation of corticosterone levels, revealing higher values in KO mice (p < 0.001, Fig. 1B), sug-
gested the absence of general defects in the production of steroid hormones.
Testis volume, testis:body weight ratio and micro-CT-derived vessel volume. In our efforts to 
evaluate possible reasons for the reduced testosterone levels in ApoE−/−/LDL receptor−/− mice, we first analysed 
whether decreased testis and vessel volume, previously observed in old KO mice under Western diet, are inherent 
characteristics of this atherosclerosis model. Indeed, without particular diet overall testicular (Fig. 2A) volume 
was significantly reduced (p < 0.001) in KO compared to WT mice. The testis:body weight ratio (Fig. 2B) was also 
significantly reduced (p < 0.001).
Likewise, overall vessel volume (Fig. 2C) derived from micro-CT investigations (Fig. 2D) showed a significant 
decrease (p < 0.01) in KO mice.
Figure 1. Serum levels of testosterone presented as log10(x + 0.01) (A) and corticosterone (B) in 20, 40, 60, 
87-week-old KO and WT mice. KO mice showed a significant decrease of testosterone and a significant increase 
of corticosterone compared to WT mice. *p < 0.05, **p < 0.01, ***p < 0.001.  KO raw data;  WT raw data; 
 KO median;  WT median;  highest value still within 1.5 times the interquartile range of the third 
quartile of KO.  highest value still within 1.5 times the interquartile range of the third quartile of WT.  lowest 
value still within 1.5 times the interquartile range of the first quartile of KO.  lowest value still within 1.5 times 
the interquartile range of the first quartile of WT.  values between first and third quartile of KO data 
(indicating the middle 50% and the interquartile range).  values between first and third quartile of WT data 
(indicating the middle 50% and the interquartile range).
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These results confirm that atherosclerosis is associated to a reduced size of the testis in line with reduced 
vessel volume. However, the resolution of micro-CT only gives insufficient information on micro-vessels with a 
diameter of less than 15 μm.
Capillary parameters. To evaluate possible disturbances of the testicular capillary system as a fac-
tor for the reduced serum testosterone levels, a designed-based stereology procedure in semi-thin sections of 
glutaraldehyde-perfused testes was applied for determination of absolute and relative amount of small blood ves-
sels. Absolute capillary length (p < 0.001, Fig. 3A), volume (p < 0.05, Fig. 3B) and surface area (p < 0.001, Fig. 3C) 
were significantly reduced in the univariate analysis of KO versus WT mice after adjusting for age. Representative 
semi-thin sections of the different age groups are shown in Fig. 3D as an overview. Higher magnification of such 
sections was used for stereological analyses (Suppl. Figure 1).
In addition to the aforementioned univariate analysis, the three capillary parameters were analyzed jointly 
(multivariately) to account for their interdependency reflecting the complexity of the microvascular network. 
Figure 4 shows parallel plots for the three absolute capillary parameters for all combinations of age group (40, 60, 
87 weeks in separate panels) and mouse strain (WT, KO; colour-coded within each age-panel). They visualize the 
significant main effect of strain (p < 0.001) after accounting for age which is readily identifiable in Fig. 4 from the 
fact that the thick red average KO polylines are consistent to the left of the thick blue WT ones.
Interestingly, the overlap of KO and WT polylines decreased from 40 over 60 to 87-week-old mice (being 
responsible for the respective increase in differences between the average polyline-trends of WT and KO), sug-
gesting an age-dependent reduction of micro-vessels in ApoE−/−/LDL receptor−/− mice. Furthermore, for WT 
mice the variability of capillary parameters appeared to increase from 40-week-old to older (60, 87 weeks) ani-
mals (reflected in the slightly wider spread of the polylines in the higher age groups).
The multivariate mean values of absolute capillary parameters for all combinations of age group and strain are 
also presented as three-dimensional scatter plots in Fig. 5A. Herein, the significant main effect of strain becomes 
easily apparent through the fact that the group of mean values of WT mice (for the three age groups) are localized in 
the rear upper range of the depicted cube while the respective group of KO mean values are in the front lower part.
Likewise, the multivariate mean values of the relative (i.e., compared to testis volume) capillary parameters 
are shown in Fig. 5B. Although those measurements do not show a distribution pattern as striking as in the 
Figure 2. (A–C) Testis volume (A), testis:body weight ratio (B) and testicular vessel volume (C) analyzed by 
micro-CT investigation (B) showed a significant decrease of all parameters in 20, 40, 60-week-old KO compared to 
WT mice. *p < 0.05, **p < 0.01, ***p < 0.001.  KO raw data;  WT raw data; 3  KO median;  WT median. 
 highest value still within 1.5 times the interquartile range of the third quartile of KO.  highest value still within 
1.5 times the interquartile range of the third quartile of WT.  lowest value still within 1.5 times the interquartile 
range of the first quartile of KO.  lowest value still within 1.5 times the interquartile range of the first quartile of 
WT.   values between first and third quartile of KO data (indicating the middle 50% and the interquartile range).  
 values between first and third quartile of WT data (indicating the middle 50% and the interquartile range).  
(D) Representative micro-CT images of different age groups from WT and KO mice.
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Figure 3. (A–C) Absolute capillary length (A), capillary volume (B) and capillary surface area (C) in 40, 60, 
87-week-old KO and WT mice (*p < 0.05, **p < 0.01, ***p < 0.001) as determined by stereology.  KO raw data; 
 WT raw data;  KO median;   WT median;  highest value still within 1.5 times the interquartile range of 
the third quartile of KO;  highest value still within 1.5 times the interquartile range of the third quartile of WT; 
 lowest value still within 1.5 times the interquartile range of the first quartile of KO;  lowest value still within 
1.5 times the interquartile range of the first quartile of WT;   values between first and third quartile of KO data 
(indicating the middle 50% and the interquartile range);   values between first and third quartile of WT data 
(indicating the middle 50% and the interquartile range);  ↓ Capillaries; ӿ seminiferous tubules showing disturbed 
spermatogenesis. (D) Representative semithin sections from WT and KO testes of the different age groups are 
shown as an overview. (Arrows indicate examples of capillaries, asterisks mark tubules with disturbed 
spermatogenesis).
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absolute case, both main effects also turned out to be significant here: strain (p = 0.0194) and age (p = 0.0237). 
This becomes apparent when viewing the animated cube in the movie (Suppl. Movie) which allows appreciation 
from all directions of the three-dimensional space.
These structural changes were accompanied by increased gene expression levels of pro-inflammatory cytokines 
in KO opposed to WT mice with TNFα and VEGF reaching a level of statistical significance. Interestingly, the 
macrophage-specific marker F4/80 was upregulated (Fig. 5C).
In summary, these findings suggest that testicular microcirculatory changes occur also at the capillary level in 
this atherosclerosis model and could contribute to the observed reduced serum testosterone levels.
Figure 4. Parallel plots as exploratory tools for the presentation of the multivariate distribution of the 
parameter families (absolute capillary length, volume and surface derived from stereology) of KO (red lines) 
and WT mice (blue lines) at the age of 40 (A), 60 (B) and 87 (C) weeks. Parallel plots display relationships 
between several metric variables (measured as a multivariate observation on the same individual) by connecting 
their one-dimensional (=univariate) scatter plots. The measurement scales of the variables are placed parallel 
to each other, and the values that belong to the same multivariate observation, i.e. individual, are linked by line 
segments across the univariate scatter plots. Since detection of relationships between variables is of primary 
interest, and to simplify the presentation, scale divisions or units are not provided, but only their orientation (by 
indicating their minimum and maximum).
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Leydig cell number and Leydig cell size. Next, it was tested, whether potential changes of Leydig cell 
number and size could also represent a factor for reduced testosterone levels in the KO mice.
Comparing KO and WT mice by our stereological approach, pooled data of all age groups (20, 40, 60, 87 
weeks) showed a significantly reduced Leydig cell number in ApoE−/−/LDL receptor−/− mice (p < 0.001) 
(Fig. 6A). Analyzing the Leydig cell number in the different age groups revealed a decreased number of Leydig 
cells in 20, 60 and 87-week-old mice (Fig. 6B).
Leydig cell size was significantly (p < 0.001) smaller in KO mice when comparing data from pooled age groups 
(20, 40, 60, 87 weeks) (Fig. 6C). Reduced Leydig cell size was found in each age group in KO mice (Fig. 6D). With 
732.07 µm3, the mean KO Leydig cell was only about half the size of the WT Leydig cell with 1331.84 µm3. This 
reduction of the cell size was also readily visible in the histological pictures (Fig. 6E, representative Leydig cells 
are encircled in red).
Litter size. Finally, the observed testicular changes led us to a retrospective analysis of litter size to obtain first 
information on fertility of ApoE−/−/LDL receptor−/− mice. In agreement with the outcomes of hormonal, vascu-
lar and microvascular parameters congenic homozygous back-crossings of young females and old males exhibited 
a significant difference to the litter size distribution of WT mice (p = 0.0117), and in particular a significantly 
different mean litter size (p < 0.001) (Suppl. Figure 2). The average KO litter size was 1.6 animals smaller (with a 
95% confidence interval of [0.7, 2.5] for this difference).
Discussion
In this study, we found reduced serum testosterone levels in ApoE−/−/LDL receptor−/− mice compared to 
wild-type controls in age-matched groups from 20 to 87 weeks on standard chow. In our efforts to evaluate rea-
sons for this hormone deficiency, we could identify a rarefaction of the capillary system and a diminished number 
and size of Leydig cells as possible causal factors.
Figure 5. (A,B) View of three-dimensional distribution of the mean values of stereological capillary parameters 
of KO (magenta, red, yellow) and WT mice (blue, dark green, green) in the capillary length (y-axis), volume 
(z-axis) and surface area (x-axis) of absolute capillary parameters (A) and relative capillary parameters (B, 
snapshot of the Suppl. Movie) at the age of 40 (triangles, magenta/blue), 60 (quadrangle, red/dark green) and 
87 (dot, yellow/green) weeks. (C) mRNA expression of inflammation markers in testis of KO compared to WT 
revealed by qRT-PCR studies. *p < 0.05.
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Figure 6. (A–D) Leydig cell number (A and B) and size (C and D) in KO and WT mice analyzed by 
stereological investigations on semithin sections. (A,C) Leydig cell number (A) and size (C) of data from pooled 
age groups (20, 40, 60, 87 weeks). (B,D) Leydig cell number (B) and size (D) from the individual age groups. 
*p < 0.05, **p < 0.01, ***p < 0.001.  KO raw data;  WT raw data;  KO median;  WT median.  highest 
value still within 1.5 times the interquartile range of the third quartile of KO.  highest value still within 1.5 
times the interquartile range of the third quartile of WT.  lowest value still within 1.5 times the interquartile 
range of the first quartile of KO.  lowest value still within 1.5 times the interquartile range of the first quartile 
of WT.  values between first and third quartile of KO data (indicating the middle 50% and the interquartile 
range).  values between first and third quartile of WT data (indicating the middle 50% and the interquartile 
range). (E) Histological images of the testicular interstitial tissue of the different age groups in WT and KO mice 
(examples of Leydig cells are encircled in red).
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It is shown systematically for the first time that disturbances of one of the main functions of the testis, i.e. the 
supply of testosterone for the body, is connected to a reduction of the aggregated capillary parameters (capillary 
length, volume and surface). The testicular capillary network surrounds the seminiferous tubules and runs in 
the interstitial tissue of the testis comprising scarce connective tissue and the Leydig cells44–46. Especially, in each 
interstitial Leydig cell cluster capillaries are obligatory components running in the midst of the cluster in close 
proximity to all cells46 thus enabling the endocrine function of the Leydig cells.
Capillary networks are differently influenced by atherosclerosis depending on nutritional conditions of 
endothelia. The testicular capillary network which is rarefied in ApoE−/−/LDL receptor−/− mice may affect Leydig 
cells and their function at different levels. By limiting the supply of nutrients, general aspects of cell function 
may be jeopardized. Testosterone production, the Leydig cell specific function, depends on the local supply and 
uptake of cholesterol as a substrate47,48. Similarly, LH as the main stimulator of Leydig cell function is delivered to 
its target cell by capillary perfusion47 and in a model of Sertoli cell ablation, vascular disturbances prevented LH 
from reaching its target49.
In line with an adequate afflux of nutrients, substrates and stimulants, the Leydig cell also requires a sufficient 
oxygen supply to match the metabolic demand for testosterone synthesis. Interestingly, HIF1alpha is constitu-
tively expressed in Leydig cells even under normoxic conditions50,51 supporting that the Leydig cell functions at 
the brink to hypoxia. In humans chronically exposed to high altitude thus hypobaric hypoxia, serum testosterone 
levels were significantly reduced52.
Hypoxic conditions may be balanced by formation of new micro-vessels, this has been shown e.g. in the 
aortic wall53. Endothelial cells initiate vessel formation and arteriosclerotic disease has been shown to interfere 
with endothelial regenerative function in various organs. In ApoE−/− mice with chronically elevated cholesterol 
levels, endothelial barrier and repair function has been compromised after transient cerebral artery occlusion 
and VEGF-induced capillary formation of brain endothelial cells was attenuated54. Similarly, in a model of hind-
limb ischemia abundant cholesterol inhibited endothelial proliferation and migration55. In the kidney, cortical 
microvascular remodeling was concomitant with increased intrarenal protein expression of MCP-1 and TNFα56 
indicating associated inflammation. Increases of inflammatory cytokines TNFα and interleukin-6 were reported 
in regard to endothelial damage and are considered features of both endothelial dysfunction and early stages of 
plaque formation. Various markers for inflammation, endothelial dysfunction and plaque formation are there-
fore of interest and in our study, we have clearly identified increased inflammatory cytokine gene expression in 
ApoE−/−/LDL receptor−/− testis as compared to wild-type testis.
In atherosclerosis, vascular function is compromised by oxidized LDL which induces endothelial dysfunction 
and injury, not only in atherosclerotic plaques of large arteries, but also in micro-vessels57, this is in agreement 
with the testicular microvascular changes observed in the present study. Arteriosclerotic disease may prevent ade-
quate formation of new micro-vessels in the testis and result in the observed rarefication of the capillary network 
in our ApoE−/−/LDL receptor−/− model.
Adequate capillary perfusion in the testis is necessary for efflux of steroids to the general circulation. 
Rarefication of the capillary network in our ApoE−/−/LDL receptor−/− model reduces the surface area available 
for transendothelial exchange and thus likely limits testosterone transfer into the blood stream which results in 
lowered serum testosterone levels as also seen in a model of Sertoli cell ablation with consecutive vascular dis-
turbances49. With limited perfusion of the testis, the local supply of sex hormone binding globulin (SHBG), the 
plasma transport protein for testosterone, may also be reduced and contribute to lower serum testosterone levels 
as suggested before in a xxy mouse model58.
Similarly, the rarefied capillary network may interfere with removal of waste products and cause oxidative 
stress in the testis. Reactive oxygen species (ROS) like H2O2 or advanced glycation end products (AGEs) have 
been reported to interfere with testosterone production59,60.
In addition to reduced serum testosterone levels we also found a reduced number and size of Leydig cells in 
the ApoE−/−/LDL receptor−/− testis. Changes of Leydig cell parameters in the ApoE−/−/LDL receptor−/− mouse 
could be due to indirect (vasculature-mediated) or direct effects on the Leydig cells or a combination of both.
The Leydig cell number of our control (wild type) mice is in agreement with previous findings61,62 indicating 
that atherosclerotic changes in ApoE−/−/LDL receptor−/− mice cause a reduction of Leydig cell number.
Reduced Leydig cell size in ApoE−/−/LDL receptor−/− mice might reflect reduced (i) volume of smooth endo-
plasmic reticulum, previously shown to correlate with lower testosterone levels63, and (ii) fewer mitochondria as 
found in conditions of oxidative stress64.
However, it is unlikely that LDL receptor mutation especially in Leydig cells represents the main cause for 
reduced Leydig cell number and size. In contrast to diminished testosterone levels, serum concentrations of 
another steroid hormone, corticosterone, were not reduced in KO mice, but instead, significantly elevated. It is 
conceivable that corticosterone release was stimulated by inflammatory cytokines and nutritional overflow which 
in turn accelerates the development of atherosclerotic changes in ApoE-deficient mice65–67.
Studies describing reduced total Leydig cell volume in rats exposed to hypobaric hypoxia68, could argue for 
vasculature-mediated aspects of Leydig cell changes.
It is also conceivable that the reduced Leydig cell population is due to the contribution of the testicular cap-
illary network to the regeneration of Leydig cells. Pericytes located within the capillary walls have been shown 
to serve as Leydig progenitor cells during postnatal development and to regenerate the Leydig cell population 
after ablation by EDS69. Rarefication of the capillary network as observed in the ApoE−/−/LDL receptor−/− model 
would diminish the availability of progenitors and thus impair regeneration potential.
Since ApoE−/−/LDL receptor−/− mice exhibit mutations of both the receptor and its ligand they are consid-
ered an appropriate model to investigate atherosclerosis without atherogenic diet23. As opposed to our previous 
study utilizing Western diet protocol27, in the present study mice were administered regular balanced rodent 
chow to discriminate the mutant phenotype from dietary effects. In addition, the experimental design of this 
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study included defined age groups (20, 40, 60 and 87 weeks). The members in younger groups outnumbered 
oldest because some mice died before the age of 87 weeks. High death rate was described in ApoE-deficient mice 
before70,71. In this study KO mice were compared to WT mice at exactly the same age. Thus, animals with severest 
atherosclerosis might have escaped on time analysis resulting in negative experimental bias and rather underesti-
mate changes in the capillary parameters.
Against this background it is noteworthy that our stereological investigations in ApoE−/−/LDL receptor−/− 
mice also revealed a contribution of age to the reduction of capillary parameters. They decreased from 40 over 60 
to 87-week-old mice. In addition, very young KO mice still showed normal testosterone levels indicating again 
that steroid synthesis was functional in spite of LDL receptor mutation.
It is not clear whether disturbances of spermatogenesis described in old ApoE−/−/LDL receptor−/− mice27 and 
ApoE−/− mice72 on Western diet are predominantly due indirectly to Leydig cell / testosterone deficits or directly 
to rarefication of testicular vasculature. Since peritubular capillaries with their close proximity to undifferentiated 
spermatogonia were described as vascular niche for germ cells73 a negative effect on spermatogenesis may arise 
from capillary reduction. The relevance of intact testicular vasculature34 and perfusion74 for spermatogenesis was 
suggested before. Reduced testicular blood flow was shown to induce hypoxic conditions which result in degen-
eration of germinal epithelium with disturbed spermatogenesis75,76. Similarly, hypobaric hypoxia in the rat led to 
increased apoptosis of spermatogonia and spermatocytes76.
The number of pups per litter was significantly reduced in KO mice, suggesting a direct relationship between 
disturbed blood supply and male hypogonadism. Interestingly, ageing alone had been shown not to reduce litter 
size despite of its negative effects on sperm number77,78.
Although female mutants are known to be less affected by atherosclerosis, our data do not allow complete 
exclusion of female fertility disturbances as well66,79.
Our data offer new insights into atherosclerotic disease by adding the testis as a hitherto underappreciated 
organ where one of its integral functions, providing the body with testosterone, is disturbed. Data showed 
that rarefaction of the capillary microvasculature in the testis together with reduced number and size of 
testosterone-producing Leydig cells might be causal factors. Thus, atherosclerosis contributes to the pathological 
changes of the testis and needs to be integrated into the management of male infertility.
References
 1. Holstein, A. F. Morphological evidence for the involution of spermatogenesis during senescence in Reproductive Biology and 
Medicine (ed. Holstein, A. F.) 66–77 (Diesbach Verlag, 1989).
 2. Regadera, J., Nistal, M. & Paniagua, R. Testis, epididymis, and spermatic cord in elderly men. Correlation of angiographic and 
histologic studies with systemic arteriosclerosis. Arch Pathol Lab Med 109, 663–667 (1985).
 3. Müller, I. Architectonic of the canals and capillaries of rat testes. Z Zellforsch Mikrosk Anat 45, 522–537 (1957).
 4. Hundeiker, M. Die Capillaren im Hodenparenchym. Arch Klin Exp Dermatol 239, 426–435 (1971).
 5. Kormano, M. & Suoranta, H. Microvascular organization of the adult human testis. Anat Rec 170, 31–39 (1971).
 6. Murakami, T., Uno, Y., Ohtsuka, A. & Taguchi, T. The blood vascular architecture of the rat testis: a scanning electron microscopic 
study of corrosion casts followed by light microscopy of tissue sections. Arch Histol Cytol 52, 151–172 (1989).
 7. Staemmler, M. Über Arterienveränderungen im retinierten Hoden. Virchows Arch Pathol Anat Physiol Klin Med 245, 304–321 
(1923).
 8. Nasah, B. T. & Cox, J. N. Vascular lesions in testes associated with male infertility in Cameroon. Possible relationship to parasitic 
disease. Virchows Arch A Pathol Anat Histol 377, 225–236 (1978).
 9. Sasano, N. & Ichijo, S. Vascular patterns of the human testis with special reference to its senile changes. Tohoku J Exp Med 99, 
269–280 (1969).
 10. Suoranta, H. Changes in the small blood vessels of the adult human testis in relation to age and to some pathological conditions. 
Virchows Arch A Pathol Anat Histol 352, 165–181 (1971).
 11. Tüttelmann, F. et al. Intratesticular testosterone is increased in men with Klinefelter syndrome and may not be released into the 
bloodstream owing to altered testicular vascularization- a preliminary report. Andrology 2, 275–281 (2014).
 12. Svartberg, J. et al. Low testosterone levels are associated with carotid atherosclerosis in men. J Intern Med 259, 576–582 (2006).
 13. Vikan, T., Schirmer, H., Njolstad, I. & Svartberg, J. Endogenous sex hormones and the prospective association with cardiovascular 
disease and mortality in men: the Tromso Study. Eur J Endocrinol 161, 435–442 (2009).
 14. Jones, R. D., Nettleship, J. E., Kapoor, D., Jones, H. T. & Channer, K. S. Testosterone and atherosclerosis in aging men: purported 
association and clinical implications. Am J Cardiovasc Drugs 5, 141–154 (2005).
 15. Alexandersen, P., Haarbo, J. & Christiansen, C. The relationship of natural androgens to coronary heart disease in males: a review. 
Atherosclerosis 125, 1–13 (1996).
 16. Alexandersen, P., Haarbo, J., Byrjalsen, I., Lawaetz, H. & Christiansen, C. Natural androgens inhibit male atherosclerosis: a study in 
castrated, cholesterol-fed rabbits. Circ Res 84, 813–819 (1999).
 17. Rosano, G. M. C. et al. Low testosterone levels are associated with coronary artery disease in male patients with angina. Int J Impot 
Res 19, 176–182 (2007).
 18. Noorafshan, A. Stereology as a valuable tool in the toolbox of testicular research. Ann Anat 196, 57–66 (2014).
 19. Bjorkbacka, H. et al. Reduced atherosclerosis in MyD88-null mice links elevated serum cholesterol levels to activation of innate 
immunity signaling pathways. Nat Med 10, 416–421 (2004).
 20. Ohta, H. et al. Disruption of tumor necrosis factor-alpha gene diminishes the development of atherosclerosis in ApoE-deficient 
mice. Atherosclerosis 180, 11–17 (2005).
 21. Ishibashi, S., Herz, J., Maeda, N., Goldstein, J. L. & Brown, M. S. The two-receptor model of lipoprotein clearance: tests of the hypothesis 
in “knockout” mice lacking the low density lipoprotein receptor, apolipoprotein E, or both proteins. Proc Natl Acad Sci USA 91, 
4431–4435 (1994).
 22. Langheinrich, A. C. et al. Atherosclerosis, inflammation and lipoprotein glomerulopathy in kidneys of apoE-/-/LDL-/- double 
knockout mice. BMC Nephrol 11, 18 (2010).
 23. Emini Veseli, B. et al. Animal models of atherosclerosis. Eur J Pharmacol, 3–13 (2017).
 24. Langheinrich, A. C., Michniewicz, A., Bohle, R. M. & Ritman, E. L. Vasa vasorum neovascularization and lesion distribution among 
different vascular beds in ApoE-/-/LDL-/- double knockout mice. Atherosclerosis 191, 73–81 (2007).
 25. Ishibashi, S., Goldstein, J. L., Brown, M. S., Herz, J. & Burns, D. K. Massive xanthomatosis and atherosclerosis in cholesterol-fed low 
density lipoprotein receptor-negative mice. J Clin Invest 93, 1885–1893 (1994).
www.nature.com/scientificreports/
1 2SCIentIFIC REpoRtS |  (2018) 8:5424  | DOI:10.1038/s41598-018-23631-9
 26. Bschleipfer, T. et al. Systemic atherosclerosis causes detrusor overactivity: functional and morphological changes in 
hyperlipoproteinemic apoE-/-LDLR-/- mice. J Urol 193, 345–351 (2015).
 27. Langheinrich, A. C. et al. Mixed testicular atrophy related to atherosclerosis: first lessons from the ApoE(-/-)/ LDL receptor(-/-) 
double knockout mouse model. Int J Androl 35, 562–571 (2012).
 28. Sanchez-Guijo, A., Hartmann, M. F. & Wudy, S. A. Introduction to gas chromatography-mass spectrometry. Methods Mol Biol 1065, 
27–44 (2013).
 29. Weibel, E. R. Stereological methods in cell biology. Where are we–where are we going? J Histochem Cytochem 29, 1043–1052 (1981).
 30. Weibel, E. R., Kistler, G. S. & Scherle, W. F. Practical stereological methods for morphometric cytology. J Cell Biol 30, 23–38 (1966).
 31. Scherle, W. A simple method for volumetry of organs in quantitative stereology. Mikroskopie 26, 57–60 (1970).
 32. Stringer, B. M., Wynford-Thomas, D. & Williams, E. D. Physical randomization of tissue architecture: an alternative to systemic 
sampling. J Microsc 126, 179–182 (1982).
 33. Bösl, M. R. et al. Male germ cells and photoreceptors, both dependent on close cell-cell interactions, degenerate upon ClC-2 Cl(-) 
channel disruption. EMBO J 20, 1289–1299 (2001).
 34. Holstein, A. F., Roosen-Runge, E. C. & Schirren, C. Illustrated Pathology of Human Spermatogenesis (Grosse, 1988).
 35. Holstein, A. F. & Roosen-Runge, E. C. Atlas of Human Spermatogenesis (Grosse, 1981).
 36. Mühlfeld, C. Quantitative morphology of the vascularisation of organs: A stereological approach illustrated using the cardiac 
circulation. Ann Anat 196, 12–19 (2014).
 37. Wreford, N. G. Theory and practice of stereological techniques applied to the estimation of cell number and nuclear volume in the 
testis. Microsc Res Tech 32, 423–436 (1995).
 38. R. Development Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, 
Austria. http://www.R-project.org (2013).
 39. Hothorn, T., Bretz, F. & Westfall, P. Simultaneous inference in general parametric models. Biom J 50, 346–363 (2008).
 40. Bretz, F., Westfall, P. H. & Hothorn, T. Multiple comparisons using R (Chapman & Hall/CRC, 2010).
 41. Inselberg, A. The plane with parallel coordinates. The Visual Computer 1, 69–91 (1985).
 42. Wegman, E. J. Hyperdimensional data analysis using parallel coordinates. Journal of the American Statistical Association 85, 664–675 
(1990).
 43. Sarkar, D. Lattice. Multivariate Data Visualization with R (Springer New York, 2008).
 44. Russell, L. D. Mammalian Leydig Cell Strucutre in The Leydig Cell (ed. Payne, A. H., Hardy, M. P. & Russell, L. D.) 43–96 (Cache 
River Pr, 1996), Vol. 1.
 45. Setchell, B. P. & Breed, W. G. Anatomy, Vasculature, and Innervation of the Male Reproductive Tract in Knobil and Neill’s Physiology 
of Reproduction (ed. Neill, J. D.) 771–826 (Elsevier Science, 2006), Vol. 3.
 46. Kerr, J. B., Loveland, K. L., O’Bryan, M. K. & Kretser, D. M. Cytology of the Testis and Intrinsic Control Mechanisms in Knobil and 
Neill’s Physiology of Reproduction (ed. Neill, J. D.) 827–948 (Elsevier Science, 2006), Vol. 3.
 47. Stocco, D. M. & McPhaul, M. J. Physiology of Testicular Steroidogenesis in Knobil and Neill’s Physiology of Reproduction (ed. Neill, J. D.) 
977–1016 (Elsevier Science, 2006), Vol. 3.
 48. Freemann, D. A. & Rommerts F. F. G. Regulation of Leydig cell cholesterol transport in The Leydig Cell (ed. Payne, A. H., Hardy, M. P. 
& Russell, L. D.) 231–240 (Cache River Pr, 1996), Vol. 1.
 49. Rebourcet, D. et al. Sertoli Cells Modulate Testicular Vascular Network Development, Structure, and Function to Influence 
Circulating Testosterone Concentrations in Adult Male Mice. Endocrinology 157, 2479–2488 (2016).
 50. Palladino, M. A. et al. Normoxic expression of hypoxia-inducible factor 1 in rat Leydig cells in vivo and in vitro. J Androl 32, 307–323 
(2011).
 51. Lysiak, J. J. et al. Hypoxia-inducible factor-1alpha is constitutively expressed in murine Leydig cells and regulates 3beta-
hydroxysteroid dehydrogenase type 1 promoter activity. J Androl 30, 146–156 (2009).
 52. He, J. et al. Exposure to Hypoxia at High Altitude (5380 m) for 1 Year Induces Reversible Effects on Semen Quality and Serum 
Reproductive Hormone Levels in Young Male Adults. High Alt Med Biol 16, 216–222 (2015).
 53. Hansson, G. K. & Jonasson, L. The discovery of cellular immunity in the atherosclerotic plaque. Arterioscler Thromb Vasc Biol 29, 
1714–1717 (2009).
 54. Zechariah, A. et al. Hyperlipidemia attenuates vascular endothelial growth factor-induced angiogenesis, impairs cerebral blood flow, 
and disturbs stroke recovery via decreased pericyte coverage of brain endothelial cells. Arterioscler Thromb Vasc Biol 33, 1561–1567 
(2013).
 55. Duan, J. et al. Hypercholesterolemia inhibits angiogenesis in response to hindlimb ischemia: nitric oxide-dependent mechanism. 
Circulation 102, III370–6 (2000).
 56. Chade, A. R. et al. Pathways of renal fibrosis and modulation of matrix turnover in experimental hypercholesterolemia. Hypertension 
46, 772–779 (2005).
 57. Osto, E. et al. c-Jun N-terminal kinase 2 deficiency protects against hypercholesterolemia-induced endothelial dysfunction and 
oxidative stress. Circulation 118, 2073–2080 (2008).
 58. Wistuba, J. et al. Male 41, XXY* mice as a model for klinefelter syndrome: hyperactivation of leydig cells. Endocrinology 151, 
2898–2910 (2010).
 59. Tsai, S.-C., Lu, C.-C., Lin, C.-S. & Wang, P. S. Antisteroidogenic actions of hydrogen peroxide on rat Leydig cells. J Cell Biochem 90, 
1276–1286 (2003).
 60. Zhao, Y.-T., Qi, Y.-W., Hu, C.-Y., Chen, S.-H. & Liu, Y. Advanced glycation end products inhibit testosterone secretion by rat Leydig 
cells by inducing oxidative stress and endoplasmic reticulum stress. Int J Mol Med 38, 659–665 (2016).
 61. Noorafshan, A., Karbalay-Doust, S., Valizadeh, A. & Aliabadi, E. Ameliorative effects of curcumin on the structural parameters of 
seminiferous tubules and Leydig cells in metronidazole-treated mice: a stereological approach. Exp Toxicol Pathol 63, 627–633 
(2011).
 62. Mori, H., Shimizu, D., Fukunishi, R. & Christensen, A. K. Morphometric analysis of testicular Leydig cells in normal adult mice. 
Anat Rec 204, 333–339 (1982).
 63. Fouquet, J. P., Meusy-Dessolle, N. & Dang, D. C. Relationships between Leydig cell morphometry and plasma testosterone during 
postnatal development of the monkey, Macaca fascicularis. Reprod Nutr Dev 24, 281–296 (1984).
 64. Zhang, K., Lv, Z., Jia, X. & Huang, D. Melatonin prevents testicular damage in hyperlipidaemic mice. Andrologia 44, 230–236 (2012).
 65. Okutsu, M. et al. Corticosterone accelerates atherosclerosis in the apolipoprotein E-deficient mouse. Atherosclerosis 232, 414–419 
(2014).
 66. Andersson, I. J., Jiang, Y.-Y. & Davidge, S. T. Maternal stress and development of atherosclerosis in the adult apolipoprotein 
E-deficient mouse offspring. Am J Physiol Regul Integr Comp Physiol 296, R663–71 (2009).
 67. Kumari, M. et al. Chronic stress accelerates atherosclerosis in the apolipoprotein E deficient mouse. Stress 6, 297–299 (2003).
 68. Gosney, J. R. Effects of hypobaric hypoxia on the Leydig cell population of the testis of the rat. J Endocrinol 103, 59–62 (1984).
 69. Davidoff, M. S. et al. Progenitor cells of the testosterone-producing Leydig cells revealed. J Cell Biol 167, 935–944 (2004).
 70. Moghadasian, M. H. et al. Pathophysiology of apolipoprotein E deficiency in mice: relevance to apo E-related disorders in humans. 
FASEB J 15, 2623–2630 (2001).
 71. Langheinrich, A. C. et al. Correlation of vasa vasorum neovascularization and plaque progression in aortas of apolipoprotein E(-/-)/
low-density lipoprotein(-/-) double knockout mice. Arterioscler Thromb Vasc Biol 26, 347–352 (2006).
www.nature.com/scientificreports/
13SCIentIFIC REpoRtS |  (2018) 8:5424  | DOI:10.1038/s41598-018-23631-9
 72. Moghadasian, M. H., Nguyen, L. B., Shefer, S., McManus, B. M. & Frohlich, J. J. Histologic, hematologic, and biochemical 
characteristics of apo E-deficient mice: effects of dietary cholesterol and phytosterols. Lab Invest 79, 355–364 (1999).
 73. Yoshida, S., Sukeno, M. & Nabeshima, Y.-I. A vasculature-associated niche for undifferentiated spermatogonia in the mouse testis. 
Science 317, 1722–1726 (2007).
 74. Herwig, R. et al. Tissue perfusion essential for spermatogenesis and outcome of testicular sperm extraction (TESE) for assisted 
reproduction. Journal of Assisted Reproduction and Genetics 21, 175–180 (2004).
 75. Azu, O. O. Testicular morphology in spontaneously hypertensive rat model: oxidant status and stereological implications. Andrologia 
47, 123–137 (2015).
 76. Liao, W. et al. Hypobaric hypoxia causes deleterious effects on spermatogenesis in rats. Reproduction 139, 1031–1038 (2010).
 77. Gosden, R. G., Richardson, D. W., Brown, N. & Davidson, D. W. Structure and gametogenic potential of seminiferous tubules in 
ageing mice. J Reprod Fertil 64, 127–133 (1982).
 78. Finn, C. A. Influence of the male on litter size in mice. J Reprod Fertil 7, 107–111 (1964).
 79. Reddick, R. L., Zhang, S. H. & Maeda, N. Atherosclerosis in mice lacking apo E. Evaluation of lesional development and progression. 
Arterioscler Thromb 14, 141–147 (1994).
Acknowledgements
We thank Gunhild Martels, Gerhard Kripp and Maike Schäfer, Justus-Liebig-University Giessen, Germany, for 
excellent technical assistance. This study was supported by Deutsche Forschungsgemeinschaft (KFO 181).
Author Contributions
K.S. performed the experiments and wrote the manuscript. D.B. performed the experiments and statistical 
analyses and wrote the manuscript. C.M. directed and supported stereological analyses. A.M. wrote the 
manuscript and contributed statistical analyses. G.E. performed statistical analyses. B.A. performed animal 
perfusion and supported micro-CT investigations. M.K. did micro-CT scanning and data analyses. Q.J. 
performed qPCR analyses. G.K. contributed to micro-CT investigations. T.L. designed the study, supported qPCR 
and hormonal analyses and wrote the manuscript. W.W. conceptualized the study and R.M. designed the study, 
directed the project and wrote the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23631-9.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
